Abstract. Recent studies have reported that metformin (Met), the first-line medication for the treatment of type 2 diabetes, exhibited anticancer and chemoprotective effects in diverse cancer cells. In this study, we investigated the effects of Met on the drug-resistance of 4T1 murine breast cancer tumorspheres (TS) and the mechanism responsible for its drug-resistance. 4T1 TS exhibited accumulations of cells at the G 0 /G 1 phase compared with cells in monolayer culture, which suggested the majority of cells in TS were quiescent. Furthermore, it was identified that activations of the signal transducer and activator of transcription 3 (STAT3) and protein kinase B (AKT) signaling pathways in 4T1 TS conferred drug-resistance to doxorubicin (Dox) and lapatinib (Lapa). However, Met selectively targeted TS rather than cells in monolayer culture and increased the cytotoxic effect of Dox on TS by inhibiting activations of the STAT3 and AKT signaling pathways. These observations suggested that inhibitions of STAT3 and AKT underlie the selective cytotoxic effects of Met on TS. In addition, Met exhibited synergistic antitumor effects with Dox on 4T1 tumor-bearing BALB/c mice. Our findings suggest that combinations of Met and cytotoxic anticancer drugs may offer an advantage for treating drug-resistant breast cancer.
Introduction
Metformin (Met) has long been used to treat type 2 diabetes; its principle activities have been characterized as the inhibition of hepatic glucose output and increased glucose uptake by muscle (1) . However, Met has recently attracted attention as a potential treatment for cancer due to its strong anticancer effects (2) . Evans et al found that the use of Met by type 2 diabetic patients was associated with a lower cancer incidence (3) . In addition, cancer-related mortality found to be lower in patients treated with Met than in those treated with other anti-diabetic drugs (3, 4) . Following these impressive epidemiological studies, preclinical studies revealed Met inhibited cancer cell growth (2, 5, 6) , and induced apoptotic cell death in diverse solid cancers, including colon (7), ovarian (8) , and breast cancers (5, 9) . It is widely accepted that inhibition of PI3K/AKT/mTOR pathway via AMP-activated protein kinase (AMPK) activation underlies the anticancer activities of Met (10) . More recently, several studies have reported that Met selectively targets cancer stem cells (CSCs), which are responsible for tumor growth and failures to respond to chemotherapy and radiotherapy (11) .
Regarding breast cancer, Hirsch et al showed that Met preferentially reduces the CSC fraction (12) , as defined by CD44 high /CD24 low expression (12) . Since CSCs have known to grow as tumorspheres (TS) when incubated under non-adherent conditions (13) (14) (15) , they also showed that Met suppresses the number and sizes of TS derived from several breast cancer cell lines (12) . Similarly, other studies have also reported that Met significantly reduced TS formation, and the expressions of CSC markers, such as, those of CD44 high /CD24 low , ALDH-1, or OCT4 in breast cancer cells (16) (17) (18) . Several mechanisms have been proposed for the targeting of CSCs by Met, including the regulation Metformin selectively targets 4T1 tumorspheres and enhances the antitumor effects of doxorubicin by downregulating the AKT and STAT3 signaling pathways of epithelial to mesenchymal transition (EMT) (19) , the suppressions of transcription factors like TGFβ (20) , and inactivation of the PI3K/AKT/mTOR pathway (18, 21) . However, the mechanism responsible for the selective targeting of CSCs by Met remains to be elucidated.
Previously, we showed that TS cultures increased the quiescent nature of cells, which is a known characteristic of CSCs (22) (23) (24) . After optimizing TS cultures to screen cytotoxic agents in vitro (23), we found that TS derived from breast cancer cells are resistant to drugs commonly used for chemotherapy (22) (23) (24) . Thus, in this study, we utilized TS cultures to investigate whether Met has the potential to overcome the drug-resistance of TS generated from 4T1 murine breast cancer cells and to elucidate the underlying mechanism.
Materials and methods
Monolayer culture. 4T1 murine breast cancer cells were obtained from the American Type Culture Collection (Manassas, VA, USA) and maintained in DMEM (Welgene, Daegu, Korea) supplemented with 5% fetal bovine serum (Hyclone Laboratories Inc, South Logan, UT, USA) and 1% antibiotics antimycotic solution (Welgene).
TS culture. The protocol used for TS culture was as previously described (22, 24) . In brief, 4T1 cells were suspended in serum-free DMEM/F12 (Welgene) supplemented with 1X B27 (Gibco BRL, Grand Island, NY, USA), 20 ng/ml recombinant human EGF (R&D Systems, Minneapolis, MN, USA), 10 ng/ml recombinant human FGF (R&D Systems), 10 µg/ml insulin (Welgene), 10 mM HEPES (Welgene) and 1% antibiotics antimycotic solution (Welgene) and cultured in non-adherent plates.
Cell kinetic assay. 4T1 cells were seeded into 96-well plates at a density of 1,000 to 16,000 cells per well and incubated for 4 days under monolayer or TS culture conditions. To quantify the number of cells premixed cell proliferation reagent WST-8 (Dojindo Laboratories, Kumamoto, Japan) was added to each well and the absorbance of the water-soluble formazan produced by viable cells was measured at 450 nm according to the manufacturer's protocol.
In vitro response.
To compare the chemosensitivities of monolayer and TS cultured cells, cells cultured in adherent or non-adherent 96-well plates were treated with various concentrations of doxorubicin (Dox) (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), lapatinib (Lapa) (LC Laboratories, Woburn, MA, USA), or Met (Sigma-Aldrich; Merck KGaA) for 3 days. Cell viabilities were determined using reagent WST-8.
Cell cycle analysis. 4T1 cells were cultured under monolayer and TS culture conditions for 4 days, and trypsinized after washing with PBS. Cells were then centrifuged at 1,000 rpm for 3 min and fixed with cold 70% ethanol. After centrifugation once again, cells were washed with PBS containing 2% FBS prior to staining with 20 µg/ml propidium iodide (PI; Sigma-Aldrich; Merck KGaA) and 200 µg/ml RNase A (Sigma-Aldrich; Merck KGaA) for 30 min in the dark at room temperature. Cell cycle was assessed by analyzing the DNA contents stained with PI using a FACS Calibur II flow cytometer (BD Biosciences, San Jose, CA, USA).
RNA isolation and reverse transcription-polymerase chain reaction (PCR).
Total RNA was extracted using the easy-BLUE™ Total RNA Extraction kit (iNtRON Biotechnology Inc., Sungnam, Korea). cDNA was synthesized using GoScript™ reverse transcriptase (Promega Corporation, Madison, WI, USA) and PCR was performed using Taq DNA polymerase (Thermo Fisher Scientific, Rockford, IL, USA). The used primer sequences for PCR were as follows: Cyclin D1 (forward) 5'-CTG TGC GCC CTC CGT ATC TTA-3' and cyclin D1 (reverse) 5'-GGC GGC CAG GTT CCA CTT GAG-3'; GAPDH (forward) 5'-ACC ACA GTC CAT GCC ATC AC-3' and GAPDH (reverse) 5'-TCC ACC ACC CTG TTG CTGTA-3'.
Western blotting. Cells grown as monolayers or TS were harvested and lysed with RIPA buffer (150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.5 and 2 mM EDTA) supplemented with phosphatase and protease inhibitor cocktails (GenDepot, Barker, TX, USA). Lysates were centrifuged at 13,000 rpm for 10 min to remove cell debris, and protein concentrations were determined using bicinchoninic acid reagent (Sigma). Same amounts of protein were separated by SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes, which were then blocked with 5% non-fat skim milk in 1X TBS-0.1% Tween-20 (TTBS) for 2 h and incubated with primary antibodies [protein kinase B (AKT), p-AKT, activator of transcription 3 (STAT3), p-STAT3, GAPDH (Cell Signaling, Beverly, MA, USA] or β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Blots were then incubated for 1 h at room temperature with HRP-conjugated secondary anti-rabbit antibody (Thermo Fisher Scientific) or anti-mouse antibody (Santa Cruz Biotechnology Inc.) at 1:5,000 in TTBS, and developed using a Luminescent Image Analyzer LAS-4000 (Fujifilm, Tokyo, Japan).
In vivo responses. Four-week-old female BALB/c mice were purchased from Orient Bio Inc. (Sungnam, Korea) and allowed to acclimatize under a 12-h light/dark cycle at 25±2˚C/RH 50±5% for two weeks before inoculation. 4T1 cells (1x10 5 ) were implanted into mammary fat pads and when tumor volumes reached ~100 mm Statistical analysis. Statistical significance was determined using the Student's t-test or one-way analysis of variance with Fisher's least significant difference as the post hoc test. All experiments were conducted in triplicates, and results are presented as the mean ± standard deviation.
Results
Quiescence in TS generated from 4T1 cells. We first tested the ability of 4T1 breast cancer cells to form TS by culturing them in non-adherent culture condition for 4 days. The cells successfully formed spheres of different sizes with a grape-like appearance (Fig. 1A) . To compare cell growth rates in TS and monolayer cultures, various concentrations of cells (1,000-16,000 cells/well) were plated into 96-well non-adherent or regular tissue culture plates. After 4 days of culture, the premixed cell proliferation reagent, WST-8, was added to each plate and WST-8 absorbance at 450 nm was measured. As shown in Fig. 1B , overall WST-8 absorbance of TS was almost a forth of that of monolayer cultured cells, indicating the cell growth rate of TS was slower than that of monolayer cultured cells. Interestingly, over 80% of the cells in TS accumulated in the G0/G1 phase, whereas ~65% of monolayer cultured cells did so (Fig. 1C) . Consistent with our cell cycle analysis results, the mRNA expression of cyclin D1 (an important regulator of G1 to S phase progression) was also decreased in TS (Fig. 1D ). Taken together, these results suggest that TS culture conditions increase the proportion of cells in the quiescent state.
4T1 TS exhibited chemoresistance by upregulating the STAT3
and AKT signaling pathways. To determine whether TS quiescence was associated with chemoresistance, we tested cytotoxic effects of Dox on TS. We treated cells cultured as monolayers or TS with various concentrations of Dox (0.025-0.6 µM) for 3 days, and determined cell viabilities using WST-8. As shown in Fig. 2A , 4T1 cells cultured as monolayers were highly sensitive to Dox (IC 50 0.05 µM), whereas most cells in TS survived at the same concentration (0.05 µM) and notably the IC 50 for Dox was more than ten times higher (0.6 µM). Since 4T1 breast cancer cells are considered a triple negative breast cancer model and express epidermal growth factor receptor (EGFR), we also examined the effects of Lapa (a dual EGFR/HER2 inhibitor) on TS (Fig. 2B) . Similar to effects of Dox, cells cultured as monolayers were highly sensitive to Lapa (IC 50 1 µM), but over 80% of cells in TS survived at the highest concentrations tested (5 µM) (Fig. 2B) .
To elucidate the molecular mechanism responsible for the chemoresistance of TS, we first analyzed upregulated signaling pathways in the TS as compared with monolayer cultured cells. After checking several main signaling pathways known to regulate cell survival, proliferation, apoptosis, and chemoresistance, including the PI3K/AKT, MAPK/extracellular signal-regulated kinase (ERK), Bcl-2, and STAT3 pathways, we found the signal transducer and STAT3 and AKT signaling pathways were significantly more upregulated in TS than in monolayer cultured cells (Fig. 2C) . However, interestingly, treatment with Dox or Lapa failed to inhibit enhanced STAT3 and AKT signaling observed in TS (Fig. 2D) , indicating that these signaling pathways might play important roles in mediating TS chemoresistance.
Met selectively targets TS rather than monolayer-cultured cells by inhibiting the STAT3 and AKT signaling pathways.
Several studies have reported that Met dramatically reduces the sizes and numbers of TS in diverse cancer cell lines, including breast cancer, thyroid cancer, and hepatocellular carcinoma cells (16) (17) (18) . Notably, Liu et al showed Met induced the death of triple-negative breast cancer cells in vitro and in vivo (9) . Thus, we tested effects of Met on 4T1 TS to find out a new approach to overcome chemoresistance of TS. Surprisingly, we found that Met selectively targeted TS rather than monolayer-cultured cells (Fig. 3A) . In stark contrast to effects of Dox or Lapa on TS, cell viability in TS treated with 5 mM Met was about 50%, whereas over 80% of cells cultured as monolayers survived treatment with 20 mM Met (Fig. 3A) .
After finding STAT3 and AKT signaling pathway enhancements were responsible for the chemoresistance of TS, we tested whether Met affected the phosphorylation of STAT3 and AKT signaling pathways. As shown in Fig. 3B , Met efficiently cells cultured as monolayers. As shown in Fig. 4A , treatment with Lapa and Met did not enhance the cytotoxicity of Lapa in monolayer cultured cells but significantly enhanced cytotoxicity in TS; for example, >90% cell viability observed after treating TS with 10 µM Lapa for 3 days, but this was reduced to almost 60% when cells were treated with 10 µM Lapa in the presence of 1 mM Met. Similarly, Met increased the cytotoxic effects of Dox by almost 20% in TS but no synergistic effect was observed in monolayer cultured cells (Fig. 4B) .
To understand the mechanisms responsible for overcoming chemoresistance of TS by Met, we performed western blotting to investigate the effect of Dox plus Met on the phosphorylations of STAT3 and AKT in TS. As mentioned above (Fig. 2D) , the phosphorylations of STAT3 and AKT in TS were not inhibited by Dox. However, co-treatment with Dox plus Met inhibited the phosphorylations of STAT3 and of AKT (Fig. 4C) . These observations suggest that Met sensitizes TS to Dox by inhibiting the STAT3 and AKT signaling pathways. 
Met exhibited synergistic antitumor effects with Dox in 4T1
tumor-bearing mice. We further evaluated the antitumor effects of Met on 4T1 tumor-bearing BALB/c mice. 4T1 cells were implanted into the mammary gland fat pads of BALB/c female mice and when mice had developed about 100 mm 3 tumors (measured with calipers), they were injected intraperitoneally with Dox (5 mg/kg, once a week), Met (200 mg/kg, once a day), or both (Fig. 5A) . Mouse body weights were unaffected by these treatment schedules (Fig. 5B) . Tumor growth was mildly suppressed in mice treated with 200 mg/kg Met alone, and mice treated with Dox alone exhibited a tumor growth reduction of ~30% vs. untreated mice. However, this antitumor effect of Dox was significantly enhanced when mice were treated with Dox plus Met (Fig. 5C ), suggesting that synergism between Met and Dox accelerated tumor regression.
Discussion
Initially, TS culture was proposed to detect and propagate CSCs in the stem cell biology (13) (14) (15) . Although there is ongoing debate regarding the enrichment of CSCs in TS (25, 26) , the generation of TS confers interesting and unique features on cells, such as, quiescence (27) (28) (29) . We previously observed that sphere cultures exhibited higher proportions of quiescent cells (22) (23) (24) , and in the present, we also observed that the majority of cells in 4T1 TS are quiescent, showing the accumulations of cells in the G0/G1 phase in TS as compared to cells in monolayer culture. This increased quiescent nature of cells in 4T1 TS confers chemoresistance to Dox and Lapa.
Recently, it was demonstrated that CSCs are resistant to chemotherapeutics and served as the root cause of disease recurrence and metastasis (30) (31) (32) . Thus, the elimination of CSCs is considered an effective strategy to improve clinical response in breast cancer. Interestingly, Met has been shown to selectively target CSCs, showing the decrease in the CD44 high /CD24 low or ALDH-1 CSC fractions and the suppression of the number and size of TS (12, 17, 18) . However, the mechanisms underlying the selective targeting of CSCs by Met have not been fully elucidated. In the present study, we also observed that Met preferentially targeted 4T1 TS rather than cells in monolayer culture, and that it enhanced the sensitivity of TS to Dox and Lapa. In addition, it was found this enhancement of the antitumor effects of chemotherapeutics by Met appeared to be mediated by downregulations of the STAT3 and AKT signaling pathways.
PI3K/AKT/mTOR signaling pathway is a well-known intracellular pathway, and its activation leads to the survival and proliferation of cancer cells. Recently published evidences suggest that activation of the PI3K/AKT/mTOR pathway is required for the viability and maintenance of breast CSCs (21, 33, 34) . Zhou et al reported that CSC fractions were significantly reduced after silencing the PI3K/AKT/mTOR pathway using a lentivirus-based short-hairpin RNA (shRNA) (21) . In another study, suppression of the PI3K/AKT/mTOR pathway was found to be preferentially toxic to CSCs (33) . Met has been shown to inactivate the PI3K/AKT/mTOR pathway through AMPK activation and that this inactivation results in cell cycle arrest, apoptosis, and inhibits tumorigenesis. Met can also directly target mTOR independently of AMPK (2, 35) . In the present study, we were unable to detect AMPK activation by Met because endogenous AMPK expression was undetectable in 4T1 TS (data not shown). However, Met efficiently and dose-dependently inhibited the phosphorylation of AKT, which implies that Met directly targets the PI3K/AKT/mTOR pathway in 4T1 TS without activating AMPK. Like the role played by the PI3K/AKT/mTOR pathway, the STAT3 signaling pathway has been associated with the generation and maintenance CSCs in breast cancer (21, 36, 37) . STAT3 is an important transcription factor that maintains embryonic stem cells (ESCs) in an undifferentiated state (38, 39 (41) . Beside the STAT3, we also checked other transcription factors including NF-κB and c-fos. However, c-fos was not detected in Met-treated 4T1 TS, and the expression of NF-κB was not affected by Met (data not shown), implying that STAT3 is a major transcription factor targeted by Met in 4T1 TS. Considering the vital roles of AKT and STAT3 in CSCs, it might be that the selective cytotoxic effect of Met on 4T1 TS was derived from its inhibitory effects on the AKT and STAT3 signaling pathways. The link between the PI3K/AKT/mTOR pathway and the STAT3 signaling pathway within 4T1 TS was not elucidated in the present study, but we consider that inhibition of AKT phosphorylation by Met probably leads to the inactivation of STAT3 signaling in 4T1 TS, because it has been proposed that the PI3K/AKT/mTOR pathway is a positive regulator of STAT3 signaling (21) .
In the present study, we found that 4T1 TS were resistant to Dox or Lapa because of upregulations of the STAT3 and AKT signaling pathways, and that Met overcame chemoresistance by inhibiting the phosphorylations of AKT and STAT3 in Dox-treated TS. Furthermore, Met exhibited synergistic antitumor effects with Dox in 4T1 tumor-bearing BALB/c mice. Accordingly, our findings suggest that Met and cytotoxic anticancer drugs when used in combination offer benefits for the treatment of drug-resistant breast cancer. But these findings have limitations to elucidate full mechanisms on synergistic antitumor effect of Met and anticancer drugs, so further study is needed.
In summary, we show that the inhibitions of AKT and STAT3 activation underlies the selective cytotoxic effects of Met on TS. We hope that these results provide clues regarding the mechanism responsible for the targeting of CSCs by Met and a basis for the use of combinations of Met and chemotherapeutics to improve clinical response in breast cancer patients.
